To achieve a highly sensitive and prompt elemental analysis of materials on heat-sensitive substrates, like living tissues, the atmospheric plasma soft-ablation method (APSA) was developed. The damage-free plasma, which has room temperature and no risk of electrical shock, was used as a sampling medium for materials, and the sampled materials were introduced to inductively coupled plasma mass spectrometer (ICP-MS). By using APSA, a mass signal of molybdenum, using a thin molybdenum-grease layer, was successfully obtained without damaging the subjacent glass substrate. The use of a hydrogen admixture to generate the plasma was examined in order to achieve more effective sampling by utilizing chemical reactions between radicals in the plasma and the sample material. As a result, the sensitivity of all measured elements contained in tablet supplements increased by up to 20 times upon the addition of 1% hydrogen, even though the plasma-gas temperature did not change significantly.
Introduction
There is considerable interest in the application of methods for highly sensitive surface analysis of materials in some fields, such as medical science and criminal investigation. Until now, many solid sampling methods, such as laser ablation and arc/spark ablation, have been developed for elemental analysis. Some advantages that they offer are short sample preparation times, ease of sample handling, and reduction of contaminations. Laser ablation is regarded as being one of the most versatile and sensitive solid sampling techniques, and is used in many fields of research, like in geology 1 and material science. 2 Laser ablation combined with inductively coupled plasma mass spectrometer (LA-ICP-MS) can realize highly sensitive measurements of solid samples, but it is a form of destructive sampling that involves high-energy laser irradiation, and therefore damages the sample substrate. In a solid sampling method like laser ablation, materials at the surface and the substrate are sampled simultaneously without selectivity; however, these techniques are not applicable for living skin or industrial products that should not be damaged.
For the non-destructive analysis of materials at the surface, spectroscopic methods, such as X-ray photoelectron spectroscopy (XPS) 3 and Auger electron spectroscopy (AES), 4 are used. However, their analytical sensitivity is relatively low compared to that of mass-spectrometric methods. Hence, these surface-spectroscopic methods are not appropriate if a highly sensitive analysis is needed. A common factor of all conventional surface-analytical techniques is that samples need to be put into a chamber, thus resulting in a limitation of the sample size.
In recent years, the application of atmospheric plasma jets for sampling surface materials has attracted attention. Dielectricbarrier discharge (DBD) jets based on a plasma source developed by Teschke et al. 5 are used often for sampling. They have the advantages of a simple and cheap setup compared to laser ablation. Xing et al. 6 used a DBD jet for depth profiling of nanometer-size coatings. However, this is also a destructive sampling, like laser ablation, because it is operated at a relatively high output power (10 -50 W).
A DBD jet operating at a low output power (<5 W) was first applied to desorption/ionization by Harper et al. 7 Its suitability for the analysis of drugs, explosives, and food additives [8] [9] [10] [11] [12] was demonstrated, but its application to highly sensitive inorganic analysis using ICP-MS has not been studied.
To realize a highly sensitive analysis of materials at the surface without damaging the subjacent substrate, a new solid sampling method, termed atmospheric plasma soft ablation (APSA), has been developed, as reported in this paper. In APSA, The damage-free plasma is used for the sampling of materials at the surface of a substrate. The damage-free plasma is an atmospheric low-temperature plasma at room temperature without the risk of electrical shock. Thus, it can be directly irradiated onto all kinds of materials, such as semiconductors, plastics, paper, textile, metals, and living tissue, like skin. Species at the surface are released from the surface without damaging the substrate by the damage-free plasma irradiation, and then introduced to a mass spectrometer.
In this paper, we report on the results of fundamental investigations into sampling by the coupling of APSA with ICP-MS.
Configuration of APSA
A schematic and a picture of the damage-free plasma jet are shown in Fig. 1 . The damage-free plasma source is a kind of DBD plasma jet, and is composed of a dielectric tube with two tubular metal electrodes. In this study, two 10-mm long copper-ring electrodes were placed around a quartz-glass tube (outer diameter of 5 mm and inner diameter of 3 mm), which was utilized as a dielectric barrier, at an interval of 10 mm. Helium or argon gas was used as a discharge gas, and a sinusoidal voltage with a peak value of 15 kV at a frequency of 27 kHz was applied to the copper electrodes by using an AC power supply (Plasma Concept Tokyo, Inc., Tokyo, Japan). DBD was generated between the electrodes, and the discharge extended in the direction of the open air. The inner diameter of the quartz-glass tube can be varied from 150 μm to 5 mm so that the spatial resolution of the sampling area can be specifically chosen. The plasma gas-flow rate was fixed at 700 mL/min in all experiments, because this was the optimal flow rate for sensitivity in ICP-MS. For transferring the desorbed sample material to the ionization source, a coaxial type of APSA sampling cell, as shown in Fig. 2 , was developed, which consisted of a triply-coaxial tube. The innermost glass tube contained the damage-free plasma-jet source described above. Plasma was irradiated onto the target, and plasma gas containing sample material was allowed to flow between the intermediate and the outermost plastic tubes in the reverse direction. Then, the plasma gas was supplied to analytical instruments as the carrier gas. Diagram of coaxial type APSA sampling cell hyphenated to ICP-MS is shown in Fig. 3 . This structure of the sampling cell enabled easy handling. There has been some research concerning the elemental analysis of large-sized samples using LA-ICP-MS coupled with a gas exchange device. [13] [14] [15] We also do not need to crush a big sample to a smaller, manageable size for introducing it into a chamber, like usual LA-ICP-MS and secondary-ion mass spectrometry (SIMS). Because the entire sampling process takes place under atmospheric pressure, APSA can be coupled to various analytical instruments, such as ICP-MS, ICP-time-offlight mass spectrometers (ICP-TOF-MS), gas chromatographmass spectrometers (GC-MS), or ambient mass spectrometers for any purpose.
Results and Discussion

Confirmation of the damage-free application of APSA regarding the substrate
It is important for APSA not to damage the substrate beneath the object material, or to damage as little as possible. To evaluate the level of damage to the substrate, argon and helium plasmas were irradiated onto a copper plate for 300 s, and the irradiated area was observed by a laser microscope (VK-X200, Keyence, Osaka, Japan). A 12.6 μm-wide, 3 mm-long area scan was made across the area of the copper plate where the plasmas were irradiated, and the height variation was evaluated. As a result, the formation of a crater could not be detected, and the root-mean-square (RMS) roughness of the surface was virtually unchanged after plasma irradiation (before plasma irradiation, 0.356 μm; after argon plasma irradiation, 0.356 μm; after helium plasma irradiation, 0.358 μm). Additionally, there was no feeling of pain or heat when the plasma was irradiated onto a finger for 300 s.
Sampling examination of materials on top of a substrate surface
For examining whether material on top of a substrate can be sampled by APSA, argon damage-free plasma was irradiated to a 20 μm-thin layer of molybdenum grease (lithium-soap grease including 1.8% of molybdenum disulfide) on a glass plate; the back-flowing plasma gas was introduced to ICP-MS (HP-4500, Agilent Technologies, Tokyo, Japan) continuously. The molybdenum mass signal obtained in this experiment is shown in Fig. 4 . The background signal was subtracted. The mass signal of 95 Mo was recorded during plasma irradiation. However, silicon, which is the principal component of the glass plate, was not detected. As a result, the assumed operation principle of APSA is that high-energy or reactive particles in the plasma softly vaporize only material on top of a substrate surface. The gas temperature of the plasma is almost room temperature, and no signals were obtained by only gas irradiation. Thus, there are no high kinetic-energy species, and a sputtering process could not be achieved. The excited species that have high internal energy can be generated in argon plasma, and these species can cut the bonds between molecules.
Examination of chemical reactions caused by damage-free plasma irradiation
If a molecular gas, such as oxygen or hydrogen, is added to a rare-gas plasma, many radical species with high chemical activity are generated. In anticipation of a more efficient sampling that can be realized by utilizing chemical reactions between radical species and sample materials at the substrate surface, possible chemical reactions caused by the plasma were examined by observing the area of a copper plate that was irradiated by a damage-free, hydrogen-admixed argon plasma. Backscattered electron images (BEI) of the copper plate were obtained by electron probe microanalysis (EPMA, JXA8800, JEOL Ltd., Tokyo, Japan), which are shown in Fig. 5 . The images are that of the surface of a copper plate, with the one on the left being irradiated by damage-free pure argon plasma, and the one on the right being irradiated by a damage-free argon plasma containing 3 vol% of hydrogen. In both cases, the plasma irradiation time was 300 s. If hydrogen is added to argon and the mixture is used as plasma gas, the central circular zone is brighter than the surroundings, as confirmed by BEI. It is thought that hydrogen radicals in the plasma reduce copper oxide at the surface so that the mean molecular weight of the very surface becomes heavier (CuO → Cu) and the number of backscattered electrons increases. This result suggests that chemical reactions between the surface material and the radicals in the plasma may be induced by the adding of a molecular gas to the damage-free plasma.
Sampling using chemical reactions
It is known that the speed of surface cleaning by plasma irradiation becomes quicker if an appropriate molecular gas is added to the plasma. 16 Thus, hydrogen was added to the damage-free plasma, and the plasma was irradiated onto sample materials. Subsequently, the plasma gas was analyzed by ICP-MS, as described above. Commercial tablet supplements (Dear-Natura multi mineral, ASAHI Corp., Tokyo, Japan) were used as samples because screening tablet supplement without distinct damage is one of the potential applications of APSA. The surface coating of the tablet was eliminated by a cleaned cutter before plasma irradiation. The irradiation of the damage-free argon plasma was started about 50 s after starting the mass-signal acquisition. After another 50 s, the addition of hydrogen was started, and kept for 100 s. After the hydrogen addition was ended, damage-free pure argon plasma was The right one is a surface image of a plate that was irradiated by damage-free plasma containing argon with 3% hydrogen. Fig. 6 Variation of the mass signal obtained from a tablet sample; 1% of hydrogen gas was added to the argon damage-free plasma during the period between 100 -200 s.
irradiated onto the sample for another 50 s. In total, the mass signal was acquired during 300 s. The experimental result is shown in Fig. 6 . The sensitivity increased by a factor of 2 -20 when hydrogen was added to the argon plasma (during the period between 100 -200 s) compared with the mass signal obtained by irradiating pure argon plasma (during 50 -100 s and 200 -250 s).
To show that the enhancement of the signal intensity by hydrogen addition to the damage-free plasma is not caused by hydrogen addition to the ICP gas, but caused by the enhancement of sampling efficiency, hydrogen was added to the make up gas in the normal analysis that utilizes a nebulizer as a sample-introduction system. The enhancement of the signal intensity was then evaluated. A standard solution (Metals standard solution VII, Kanto Chemical Co., Inc., Tokyo, Japan) was diluted to 10 ppb and used as a sample solution. The carrier-gas flow rate and the make-up gas flow rate were set at 0.82 mL/min and 0.20 mL/min, respectively. The result is given in Table 1 . The signal intensities of most elements decreased by 1% hydrogen addition to the make-up gas. The signal intensity of Na 23 , Ca 44 and Fe 57 were increased, but the degree of the signal intensity enhancement was not at the same level as that for chemical sampling by APSA. This result indicates that hydrogen addition to the damage-free plasma has a significant effect on the sampling efficiency, which causes a signal intensity enhancement.
Next, to verify that this sensitivity enhancement was not caused by a thermal process, such as a temperature rise, but was the effect of chemical reactions, 1 vol% helium, which is an inert gas with a thermal conductivity close to that of hydrogen (He, 0.155 W/mK; H2, 0.185 W/mK at atmospheric pressure), was added to the damage-free argon plasma, instead of hydrogen, and the sensitivity enhancement was re-examined. The results are shown in Fig. 7 . As is evident from Fig. 7 , the addition of helium did not lead to a distinguishable sensitivity enhancement. The relationship between the gas temperature and the amount of added hydrogen was also investigated. The plasma-gas temperature was measured with a sheath-type thermocouple, composed of SUS316 stainless steel (length of 50 mm and diameter of 1 mm), and placed at a distance of 3 mm from the source's exit. The results are shown in Fig. 8 . The gas temperature hardly changed upon hydrogen addition. Based on these results, the amount of sample desorbed per unit time can increase by chemical reactions, caused by the presence of radicals, if an appropriate molecular gas is added to the damage-free plasma. However, there is the possibility that this sensitivity enhancement is different from that obtained by the general hydride-generation process, because the sensitivity against sodium, which does not usually generate a volatile hydride, was also enhanced. To investigate this effect, the signal Fig. 7 Variation of the mass signal obtained from a tablet sample tablet in the case that 1% of helium gas was added to the argon damagefree plasma (instead of hydrogen) during 100 -200 s. Fig. 8 Relationship between the gas temperature and the hydrogen concentration of the damage-free plasma. intensity of each element during hydrogen addition was normalized with respect to the signal intensity of the hydrogenfree argon plasma. This value was termed the sensitivity enhancement factor, and its values for all the different elements were compared. The amount of hydrogen addition that gave the maximum sensitivity enhancement was about 1 vol%; the hydrogen rate was fixed at this value in the experiment. The results are shown in Fig. 9 . Upon hydrogen addition, the sensitivity was higher for all elements, but it was revealed that the sensitivity enhancement factor was different for each element. From the results described above, there are two sampling processes in APSA: the physical and the chemical soft ablation. A schematic of the physical and chemical soft ablation processes is shown in Fig. 10 . If a rare-gas plasma is used for APSA, the material at the surface is physically vaporized into plasma. If a molecular gas, such as hydrogen, is added to the rare-gas plasma, many radical species are generated, so that surface material is not physically, but chemically, vaporized into the plasma. Thus, selective and efficient sampling of any element can be achieved by the admixture of an appropriate molecular gas to the sampling plasma gas.
Conclusions
To achieve a highly sensitive analysis of materials at substrate surfaces without damaging the substrate, such as living tissue, itself, a new solid sampling technique, called APSA, was developed, which employed damage-free plasma. Basic experiments for examining the operation principle of APSA were carried out, and a material sampling technique at the surface without damaging the substrate was achieved. An efficient sampling by exploiting chemical reactions between radicals generated from a molecular gas and materials at the surface was also examined by the addition of hydrogen to the damage-free argon plasma. It was revealed that the sensitivity enhancement factor is different for each investigated element, and the possibility of element-selective and effective sampling was indicated. In terms of instruments, a coaxial-type sampling cell was developed for practical use, and a corresponding mass signal of the sample was successfully obtained using this sampling cell.
